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ABSTRACT
In this work, a computational fluid dynamics software (STAR-CD) has been used to study the
fluid flow characteristics near a small, truncated sphere located on the floor of a long, narrow
channel. The sphere represents a nucleating bubble formed in a subcooled flow boiling process.
The predictions of the CFD analyses are helpful toward developing an understanding of the
mechanisms which drive the formation of bubbles, and their subsequent departure from a heated
surface during this process. The working fluid is water at
20
celsius. The analyses yielded
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The work presented here was initiated to provide verification data for two current research
projects; one on inertia controlled bubble departure mechanisms in subcooled flow boiling, and
a second on nucleation characteristics of cavities in flow boiling. Toward an understanding of the
factors which influence bubble nucleation, growth and departure in flow boiling, in the Thermal
Analysis Laboratory at the Rochester Institute of Technology, experimental data of the heat
transfer rate, bubble growth rate, and bubble size and shape at departure, have been obtained
using high speed photography. The fluid flow predictions of a computational fluid dynamics
program were sought in order to simulate the flow around bubbles of the same size and shape
as were observed experimentally, and to employ this information in determining the temperature
experienced by the bubble at the time of its inception over a cavity. The geometry of the CFD
model mirrors the flow apparatus with which the experimental data were generated; a long
horizontal channel, whose dimensions are 300mm (long) X 50mm (wide) X 3mm (high).
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2. OBJECTIVES OF THE CFD WORK
The purpose of this work is to generate numerical predictions of the flow field around a
nucleating bubble. These predictions will be helpful toward developing an understanding of the
mechanisms which drive the formation of bubbles, and their subsequent growth and departure
from a heated surface in a subcooled flow boiling process. The bubbles in this process have been
seen in laboratory experiments to be 50 to 300 microns in diameter. Specifically, in this study a
CFD tool will be used to:
Predict the flow field, i.e. the velocity vectors, in the liquid near the liquid-vapor
interface, around the bubble;
Predict the location of the stagnation point on the bubble;
CFD solutions will be obtained for three prescribed bubble sizes, and for five channel inlet
velocities, which represent the conditions that existed during the experimental work. For the
purpose of this study the bubble was represented as a truncated, non-deforming, sphere with slip
boundary conditions imposed at its surface.
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3. LITERATURE REVIEW
The subject of boiling heat transfer is one that has been of particular interest to thermal
researchers because of its central role in many energy conversion and chemical processes. Two
types of boiling exist, pool and flow boiling. In pool boiling, there is an absence of bulk fluid flow
as is the case when a pan of water boils. In flow boiling, on the other hand, there is the presence
of bulk fluid flow. An example of a flow boiling situation would be in a steam generator or
refrigerant evaporator. In a doctoral dissertation, Lee (1987) describes the phenomenon of boiling
as consisting of four characteristic regions. The four regions are shown in figure 3.1. The
discovery of these distinct regions of the boiling process is the result of work by Nukiyama (1934)
that relates heat flux to the degree of wall superheat (i.e. the degree by which the wall
temperature exceeds the local saturation point). The region between points A and C is the region
of nucleate boiling. Close to point A in this region, bubbles begin to form at isolated nucleating
sites (pits, scratches and other types of cavities). The bubbles grow, eventually separate from the
heated surface, and rise to the surface of the liquid in the case of pool boiling, or become
entrained in the flow in the case of flow boiling. As one approaches point C on the curve, the heat
flux approaches a local maximum because the active nucleation sites have become so numerous
that the bubbles leaving the surface coalesce into columns. The enhancement of heat transfer
that is a characteristic of the nucleate boiling region has made it an area of intense research
activity.
The material presented in this document, i.e. the information on the fluid flow patterns
around the sphere and the location of the stagnation point, will be used to propose a new method
of determining the temperature on the surface of a nucleating bubble in a subcooled flow boiling
process.
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3. 1 Boiling curve for pool boiling of water
In his investigations of bubble nucleating characteristics in subcooled flow, Cartwright
(1995) shows that the growth or collapse of a bubble at a nucleation site depends on the
temperature of the surface of the bubble, and whether the top surface of the bubble is in contact
with saturated or subcooled liquid. He further states that in some of the earlier research dealing
with the formation and growth of a nucleating bubble, the prevailing assumption was that the
liquid medium surrounding the cavity existed at a uniform superheated temperature. If this were
indeed the case, the temperature on the surface of the bubble and the condition (saturated or
subcooled) of the liquid it was in contact with would be easily determined. He points to the fact,
however, that in real flow boiling situations, especially situations in which the flow is subcooled
(i.e. Tliquid < Tsat), there is a thermal boundary layer between the heated surface and the subcooled
flow.When this condition exists, the inception, growth, and eventual separation of the bubble from
the nucleation site occurs within this thermal boundary layer, therefore the temperature of the
surface of the bubble is not so readily determined. Neither is it clear if its top surface is in contact
with saturated or subcooled liquid. One approach to defining the temperature at the top surface
of a bubble of height b, as presented by Hsu (1962), was to assign to it the temperature which
corresponded to the stratum of the thermal boundary layer located at a distance b from the
heated surface (figure 3.2). But in another model presented by Kenning and Cooper (1965) the
surface of the bubble was assigned the temperature of the dividing streamline (figure 3.3).
Cartwright adopted the model of Kenning and Cooper to form a part of the basis of his work. In
the work by Kenning and Cooper, the location of the dividing streamline was determined
experimentally by studying the flow past an air bubble
- an approach which though adequate for
work on large bubbles, was ill-suited to small bubbles of the size under investigation by
Cartwright. To obtain the location of the stagnation point on his bubbles, Cartwright turned to
STAR-CD, a computational fluid dynamics tool.
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Bulk Fluid - Tbulk
3.2 Temperature of Tb at the top of a bubble in a thermal boundary layer
//////////
3.3 Temperature of Tstag s , at the top of a bubble in a thermal boundary layer
4. NOMENCLATURE AND SPECIFICATIONS OF HARDWARE
The work which is the subject of this thesis was entirely conducted at the engineering
center of the Delphi Automotive Systems Division of General Motors Corporation, located in
Henrietta New York.
The preprocessor, postprocessor, and solution software reside on a Hewlett-Packard
model 750 workstation. The operating system on the workstation is UNIX version 9.05. The
workstation is equipped with 128 Megabytes of RAM, 4.5 Gigabytes of hard disk storage, and a
CRX-24Z hardware graphics device. The graphical output were generated on a Tektronics
4693RGB screen dump printer which was connected directly to the workstation monitor.
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5. DESCRIPTION OF SOFTWARE
Three software tools featured prominently in the conduction of this work. They are
P3/PATRAN, a finite element mesh creator, STAR-CD, a thermofluids analysis tool, and





is the pre- and postprocessing component of the PATRAN3 finite element
analysis software system, a product of MacNeal Schwendler Corporation.
P3/PATRAN
offers
a set of tools for the creation and verification of parametrized model geometry and finite element
analysis models. Its meshing capabilities include mapped meshing, automatic surface meshing,
and automatic tetrahedral solid meshing. The current version of P3/PATRAN is 1.3-1. The
PATRAN3 system is entirely form driven, consisting of three primary parts: A main menu bar from
which subordinate input forms evolve as needed for performing various tasks, a graphics window
for the display of geometry, finite elements, applied loads etc., and a command history window
which holds a complete record of commands used during the session.
P3/PATRAN
provides a facility by which the CAE database can be exported for use by
certain foreign applications. The PATRAN neutral file is the main vehicle by which this task of
exporting a database is accomplished. It is an ASCII file written in a format recognizable by the
destination application; in this case STAR-CD. A portion of a neutral file is shown in figure 5.1.




5.1.1 HARDWARE AND SOFTWARE REQUIREMENTS
P3/PATRAN
has the following disk space and memory requirements:
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25 001000:0
P3/PATRAN Neutral File from: /disc_4sO/users/cikenz01/thesis/full_devYZ.db




XG 6 0 0 000000
12 2 0000
1.000000000E+0 0 .000000000E + 0 -1 . 0OOOOOO00E+2
1G 6 0 0 000000
3 2 0000
O.OOOOOOOOOE+O 1.666666716E-1 -1 . 000000000E+2
1G 6 0 0 000000
4 2 0000
1.000000000E+0 1.666666716E-1 -1 . 000000000E+2
1G 6 0 0 000000
5 2 0000
0.000000000E+0 3 . 333333433E-1 -1 . 000000000E+2
1G 6 0 0 000000
2 0000
1.000000000E+0 3 . 333333433E-1 -1 . 000000000E+2
1G 6 0 0 000000
7 2 0000
0.000000000E+0 5.000000000E-1 -1 . 000000000E+2
1G 6 0 0 000000
8 2 0000
1.000000000E+0 5.000000000E-1 -1 . 00OOOO000E+2
1G 6 0 0 000000
9 2 0000
0.OOO0OO0O0E+0 6.666666865E-1 -1 . 000000000E+2
1G 6 0 0 000000
1 10 2 0000
1.000000000E+0 6.666666865E-1 -1 . 000000000E+2
1G 6 0 0 000000
1 11 2 00 0 0
0.000000000E+0 8.333333135E-1 -1 . 000000000E+2
1G 6 0 0 000000
1 12 2 0000
1.000000000E+0 8.333333135E-1 -1 . 000000000E+2
1G 6 0 0 000000
1 13 2 0000
O.OOOOOOOOOE+O 1.000000000E+0 -1.000000000E+2
1G 6 0 0 000000
114 2 00 0 0
1.000000000E+0 1.000000000E+0 -1.000000000E+2
1G 6 0 0 000000
1 15 2 0000
O.OOOOOOOOOE+O 1.166666627E+0 -1 . 000000000E+2
1G 6 0 0 000000
1 16 2 0000
1.000000000E+0 1.166666627E+0 -1 . 00OO00O0OE+2
1G 6 0 0 000000
1 17 2 0000
0.000000000E+0 1.333333373E+0 -1 . 0O00OOOO0E+2
1G 6 0 6 000000
1 18 2 0000
1.000000000E+0 1.333333373E+0 -1 . 000000000E+2
1G 6 0 0 000000
1 19 02 0-00 00
O.OOOOOOOOOE+O 1.500000000E+0 -1 . 000000000E+2
5.1 A portion of a PATRAN neutral file
Minimum Recommended
Random Access Memory (RAM) 32 Mb 64 Mb
Paging Disk Space (Swap) 96 Mb 128 Mb
Installation Files 156 Mb 206 Mb
Releases of
P3/PATRAN
exist for a number of computer platforms, namely Digital Equipment
DECstation, Hewlett-Packard 9000 series 700, IBM System 6000, Silicon Graphics IRIS-4D, and
SUN Microsystems SUN-4(SPARC). All installations of
P3/PATRAN
require an X Window
display device, and are designed to utilize the Motif graphical user interface (GUI).
P3/PATRAN
also requires the installation of Interbase, a relational database subsystem from Borland
International. The graphical hardware must have a minimum of 256 simultaneous colors. The
recommended display screen resolution is 1024 x 768.
5.2
STAR-CD
CFD PRE-, POSTPROCESSOR AND SOLVER





is a thermofluids analysis tool created by Computational Dynamics Limited for
use in a CAE environment. The complete application consists of two components, a fully
integrated pre- and postprocessor called PROSTAR and STAR, the core analysis code for
thermofluids predictions based on inputs from PROSTAR. PROSTAR can be either interactive
command- or menu-driven, and performs the functions of:
Geometry Modelling and Mesh Generation;
Problem Specification (e.g. fluid Properties, boundary conditions, control parameters
etc.);
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Mesh and Results Manipulation and Display;
File Control;
Interface with Proprietary CAD and CAE Software (e.g. PATRAN,
ANSYS
etc.);
The STAR-CD thermofluids tool features a library of computational models for a wide
range of flow phenomena. The following flow phenomena are specific to this study, and have
computational models available in the STAR library:
Steady State and Transient
Laminar and Turbulent flow
Incompressible flow
The code, written in ANSI FORTRAN 77, is well suited to complex geometries through its use of
unstructured meshes. An unstructured computational mesh is body-fitted, non-orthogonal, and
may be comprised of a mixture of hexahedra, tetrahedra and triangular prisms, arbitrarily
connected in the finite element manner.
5.2.1 System and Memory Requirements
System requirements for STAR-CD are addressed by three criteria: supported hardware
platforms, supported operating systems and supported FORTRAN levels. The list of system
requirements are presented in tabular form for all three criteria. Table 5.1 is a list of supported
hardware platforms, listing the level of precision offered by the architecture, and the solver
precision supported. Table 5.2 is a combined list of supported operating systems and FORTRAN
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levels. One can generally expect operating systems to be upwardly compatible as long as the
version numbers in question share a common first digit.
TABLE 5.1: SUPPORTED HARDWARE PLATFORMS
PLATFORM ARCH. PRECISION SOLVER PRECISION
Convex Series 64 bit 32 bit / 64 bit
CRAY Series 64 bit 64 bit
DEC 3000/5000 32 bit 32 bit / 64 bit
DEC AXP (ALPHA) 64 bit 32 bit / 64 bit
DEC VAX 32 bit 32 bit / 64 bit
FUJITSU VP2600 64 bit 64 bit
HITACHI S-8xx 64 bit 64 bit
HP 300/400/800 32 bit 32 bit / 64 bit
HP 9000/700 Series 64 bit 32 bit / 64 bit
IBM Series 64 bit 64 bit
SGI R3000 Series 32 bit 32 bit / 64 bit
SGI R4000/R4400 Series 64 bit 32 bit / 64 bit
SGI CHALLENGE/ONYX 64 bit 32 bit / 64 bit
SUN Sparc 1/2 32 bit 32 bit / 64 bit
SUN Sparc 10 64 bit 32 bit / 64 bit
SUN Sparc 10 Multiproc. 64 bit
L
32 bit / 64 bit
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TABLE 5.2: SUPPORTED OPERATING SYSTEM AND FORTRAN LEVELS
PLATFORM OPERATING SYS. LEVEL FORTRAN LEVEL
Convex Series 10.1 / 11.0 7.0/8.0
CRAY Series 6.0 / 7.0 5.0.3 / 6.0
DEC 3000/5000 Ultrix 4.2a 3.1.1
DEC AXP (ALPHA) OSF/1 1.2-2 BL12 3.3
DEC AXP (ALPHA) VMS 5.5 3.3




HP 9000/700 8.07 / 9.0
IBM 3090/ES9000 MVS 2.4
IBM RS6000 AIX 3.2.0 2.3
SGI R3000 Series 4.05.x 3.4.4 / 3.5.x
SGI R4000/R4400 Series 4.05.x /5.1.x 3.4.4 / 3.5.x / 4.0.x
SGI CHALLENGE/ONYX 5.0.X /5.1.x 3.6.x /4.0.x
SUN Sparc1,2&10 SunOS 4.1.3/ 5.1 -5.3 1.4/2.0.1
Memory requirements fall under three categories: Random Access Memory, Paging/Swap
space, and User disk space.
On virtual memory systems if the required memory exceeds the available RAM, the solver
performance can be severely reduced. The performance can be reduced by as much as a factor
of 10, depending on the particular case. On real memory architecture platforms the solver will not
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run, possibly creating a core dump, if the required memory exceeds the available RAM. A rough
estimate of the memory required to run an analysis can be made by using the following rules:
For a 32 bit solver, 39 MB of RAM per 100,000 fluid cells
For a 64 bit solver, 78 MB of RAM per 100,000 fluid cells
Virtual memory systems will generally not run a program if the operating system cannot
preallocate swap space for the executable, therefore the allotted swap space should be typically
twice the amount of the system RAM.
As for User disk requirements, those space requirements are entirely dependent on the




WingZ is an advanced spreadsheet program that is capable of performing sophisticated,
advanced mathematical calculations. The WingZ software package contains three programs:
The BasicWorksheet, which offers spreadsheet features formathematical calculations.
The PresentationWorksheet, which offers a graphics environment for the presentation
of data in colorful charts and reports.
The Custom Worksheet, which is a programmable interface by which a WingZ
database can be tailored to suit specific needs.
The WingZ control language is called HyperScript, and allows the user to automate repetitive
tasks, or to create custom applications.
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6. Physical Description of CFD Problem
6.1 Geometry
The geometry of the CFD model mirrors the long narrow channel of the experimental
apparatus shown in figure 6.1, which was used to record high speed video images of bubbles
departing a heater surface in subcooled flow. The fluid channel is 300 mm long x 50 mm wide
x 3 mm high.
From the high speed video images of bubbles departing the heater surface, two physical
attributes were measured, which combined with the channel dimensions were used to define the
flow domain of the CFD model. They are the bubble diameter and the bubble-to-floor contact
angle, B, both of which are shown in figure 6.2. An analysis of the bubble images captured on film
showed the bubbles were of various diameters and contact angles at the time they departed the
heater surface. However three bubble diameter and contact angle pairs were found to be
representative of the entire sample of departing bubbles. These served as the bubble defining
parameters for three separate CFD models:
BUBBLE DIAMETER CONTACT ANGLE
CFD MODEL #1 0.30 mm
46
CFD MODEL #2 0.15 mm
46
CFD MODEL #3 0.075 mm
46






























































Advancing Contact Angle / Receding ContactAngle
Heater Surface
6.2 Diagram of a truncated bubble, showing dimensions and angles

centerline, on the floor of the channel, 200 mm from its entrance. The Z-axis is oriented parallel
and opposite to the fluid flow, while the Y-axis is vertical upwards. From the Y and Z axes, the
X-axis is then simply resolved by the right-hand rule. The center of the bubble was also placed
along the centerline, and 200 mm from the entrance of the channel. It's elevation, hbc , from the
channel floor, however, was dictated by the prescribed contact angle and the bubble diameter,
d:
hb.c. = (d/2) Cos(P)
The flow domain is symmetric, with respect to both its geometry and its flow properties,
about the vertical plane which passes through the centerline of the channel, i.e. the Y-Z plane,
therefore a half model could be used for which the appropriate symmetric boundary conditions
were employed.
6.2 Fluid Properties and Boundary Conditions
In any kind of analysis, a prerequisite for obtaining the correct solution is the proper
definition of the physical problem for which a solution is sought. Through this exercise, one will
also determine if the problem is suited to the capabilities of the proposed analysis tool. The
physical attributes by which the problem must be defined for a CFD analysis are:
Thermophysical properties of the fluid
Boundary conditions
The nature of flow, e.g. steady v. unsteady, laminar v. turbulent, etc.
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The fluid properties used in all of the CFD analyses were textbook values of the physical
properties for water at 20 C:
Density (p) = 997.0
kg/m3
Laminar Viscosity (u ) = 1002.0 x
10"6
kg/(n>sec)
To define the problem properly, it was necessary to specify physically correct and
consistent boundary conditions on aN the exposed fluid cell faces, i.e. the cells which form the
boundaries of the flow domain. Five boundary condition types were used:
a. Inlet - Inflow conditions are imposed by the user. For incompressible flows the
distributions of all variables, excluding pressure, are prescribed directly.
Mass, momentum and energy flux distributions, and fluid properties are
known.
b. Outlet - This boundary condition is applied to regions where the flow is entirely
directed outward, and conditions are entirely dependent on events
occurring upstream. Here the gradients of all variables are taken to be zero
along mesh lines which intersect the outlet surface, and the exit mass flow
is fixed to satisfy continuity considerations.
c. Impermeable Wall - No-slip condition. Moving walls are allowed.
d. Symmetry Plane
- All normal velocities and normal gradients are zero.
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e. Slip Surface - This boundary condition is usually employed in inviscid flow
calculations. The normal component of velocity and the normal
gradients of all other variables are zero.
An inlet boundary condition with uniform inlet velocity was specified for the fluid cell faces which
formed the channel entrance. CFD solutions of five inlet velocity cases were done for each of the
three geometries studied. Those inlet velocities are, 0.2, 0.4, 0.6, 0.8 and 1 .0 m/s. An outlet
boundary condition was specified for the opposite end of the channel by simple requiring that
100% of the fluid entering at the inlet would exit through this region. The Y-Z plane was
designated a plane of symmetry. The fluid cell faces which fell in that plane were given symmetric
boundary conditions. "Slip
surface"
boundary conditions were imposed on the fluid cell faces
which defined the bubble surface. The remaining boundary cell faces, i.e. those which formed the
channel walls, were designated an impermeable wall surface with a
"no-slip"
boundary condition
imposed. Four views of one of the several finite element meshes used for the CFD study,
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Mesh generation is generally accomplished in three distinct stages. The first of these is
the creation of contiguous parametric cubic geometric entities which approximate part or all of the
flow domain. A parametric cubic entity will have one, two or three parametric variables, depending
on whether it is 1-D, 2-D or 3-D respectively. A 3-D parametric cubic entity is shown in figure 7.1
with the parametric variables labelled z\2 and 3. A mesh seed is then ascribed to each of these
parametric cubic entities in each parametric direction. The mesh seed is the means by which the
mesh pattern is prescribed for the geometry. Lastly, in a single operation, the element seed is
propagated along isoparametric lines in the parametric space and subsequently mapped to the
real space.
7.1 CREATION OF GEOMETRY
It was observed earlier, in defining the fluid flow problem, that the flow domain is
symmetric about the Y-Z plane with respect to geometry and flow properties. However in a strictly
geometrical sense the flow domain is also symmetric, for a distance of 100mm fore and aft of the
bubble, about the vertical plane which passes through the center of the bubble and is
perpendicular to the fluid flow. This plane is denoted the X-Y plane. The mesh building operation
was greatly simplified through the use of this geometric plane of symmetry by first creating a
mesh for the region 100 mm upstream of this plane. This upstream mesh was then mirrored
across the symmetry plane to create the downstream portion of the flow region. An example of
the geometry used for the upstream section, and shown in figures 7.2a and 7.2b, consists of 18
contiguous solid entities. It should be noted that the channel extends a total distance of 200 mm
in front of the bubble, therefore a further 100 mm of finite element mesh had to be created
















element faces, located at the positive Z ends of the solids, a total distance of 100 mm, at even
intervals, in the positive Z-direction.
The flow region was comprised of 18 solid entities. The six solids shown in figure 7.3 were
used to define the flow regions near to the bubble. The remaining 12 solids defined the rest of
the flow region. The geometry so described is for a bubble of 0.30 mm diameter, i.e. the largest
one to be studied. The reason for first creating the geometry and mesh of the largest diameter
bubble is the fact that, once this mesh was completed, it was simply a matter of adding elements
to the bubble void space of the existing mesh to create the bubbles of smaller diameter.
7.2 MESH SEEDING
The purpose of mesh seeding is to control the mesh density throughout a given geometric
entity by specifying the number of element edges to be placed along its edges. To control the
mesh density throughout the geometry, a seed pattern must be specified for at least one edge
in each parametric direction. Seeding may be uniform or non-uniform. Non-uniform seeding is the
uneven placement of nodes along an edge, defined by the number of element edges and the ratio
of the starting element edge length to the ending element edge length along that edge.
Non-uniform mesh seeding is useful in cases where a finer mesh definition is needed, for better
accuracy or higher resolution, in certain parts of problem domain than in others.
For the bubble CFD problem, the flow region of interest is primarily in the immediate
vicinity of the bubble. Given the relative vastness of the entire flow channel in comparison to the
bubble size, a non-uniform mesh seed scheme was employed throughout the model which
produced a very fine mesh near to the bubble while maintaining a considerably coarser mesh in
the regions that are farther removed from the bubble. Furthermore, this mesh seeding scheme
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facilitated a smooth transition between the areas of differing mesh densities.
7.2.1 SEEDING OF THE BASIC GEOMETRY
The surface of the front half of the bubble is formed by the spherically shaped faces on
the solids shown seeded in figure 7.4. These solid entities define the near regions to the
truncated sphere which represents the bubble. The seed shown is a uniform pattern with a total
of 15 element edges specified upward along the perimeter, and 8 element edges along the
truncated edge. A non-uniform mesh seed pattern was specified for the solid entities which
formed the far regions up to 100 mm upstream from the bubble. The seeding of this region was
as follows:
1. 40 elements edges in the positive Z-direction; L2/L1 = 25.0, where L2 is the edge
length of the last element and L1 is the edge length of the first element in the positive
Z-direction.
2. 12 elements edges in the negative X-direction; L2/L1 = 20.0, where L2 is the edge
length of the last element and LI is the edge length of the first element in the negative
X-direction.
3. 11 uniformly spaced element edges in the positive Y-direction.
The seeding scheme described above is shown in figures 7.5a & 7.5b.
7.3 MESH CREATION
The mesh in all cases is comprised entirely of 8-noded hexahedral elements. The meshing
of the solid entities was accomplished simply by invoking the mesh creation form in PATRAN and
issuing the "Solid
Mesh"
directive for each of the solid entities that had been previously seeded.








































































faces were extruded as described in section 7.1. The extrusion operation added 100 mm of mesh
to the existing 100 mm of solid mesh to form a total channel length of 200 mm upstream of the
bubble. Further, the geometry based mesh, representing a 100 mm length of channel in front of
the bubble, was mirrored about the X-Y plane to create the 100 mm section of channel located
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8. PRE-PROCESSING AND PROBLEM SOLUTION
Pre-processing was done in PROSTAR, a menu-driven interactive pre- and







to uniquely describe the flow problem to be solved. In this case the use of PROSTAR was for
the last four of the above listed operations since the geometry and mesh had been created in
PATRAN3. The geometry and mesh databases were transferred to PROSTAR via a neutral text
file.
8.1 INITIAL CONDITIONS, BOUNDARY CONDITIONS AND FLUID PROPERTIES
Initial conditions are the values given to dependent variables at the start of the CFD
calculations. Their physical significance is obvious in transient or unsteady flow applications, as
they will usually affect the course of the solution process. In such cases proper care must be
taken to define them appropriately. In the solution of steady state flows by iterative means, initial
conditions usually have no influence on the final solutions, although they may affect the speed
of achieving a solution. Therefore since all the analyses performed for this study were for steady
state conditions, there was no need to address initial conditions.
As described in section 6.2, the following five boundary types were employed for each







A complete description of the boundaries and their locations in the model is given in section 6.2.
The fluid properties are those of water at
20
Celsius:
Density (p) = 997.0
kg/m3
Viscosity (u) = 1002.0 x
10"6
kg/(n>sec)
8.2 CONSERVATION EQUATIONS AND SOLUTION ALGORITHMS
Although STAR-CD is capable of rendering predictions of several flow phenomena, this
is a study of steady-state, laminar, incompressible fluid flow, therefore the information presented
in this section will be that which is specifically relevant to such a flow. For general incompressible
and compressible fluid flows and a moving coordinate frame, the conservation equations solved
by STAR-CD are the Navier and Stokes equations given in tensor notation as:
1. Mass Conservation Equation
JsTt (^> +a|
(p =*> " s-
8-2
2. Momentum Conservation Eguation
^ << p *> *^ <p
=,.-* ' -?*
where t = time
xs = Cartesian coordinate (i = 1 ,2,3)
U|










= stress tensor components
sm = mass source
Si = momentum source components
Vg = determinant of metric tensor
Depending on the class of flows involved, the terms of these general equations are further
simplified or specialized by:
The application of ensemble or time averaging if the flow is turbulent.
The specification of a constitutive relation connecting the components of the stress
tensor T( j to the velocity
gradients.
The specification of the
'source'
s, which represents the sum of body forces and other
external forces if present.
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For the channel flow problem, there is no moving coordinate frame, therefore the relative velocity
term reduces simply to a fluid velocity. There are also no body forces, external forces, or mass
sources to consider, which eliminates both the mass source sm and the momentum s, terms. In
a steady state problem, as is currently the case, the time derivative terms are also dropped out
of the conservation equations so that they are reduced to:
1. Mass Conservation Eguation
d
Bx.
(P Uj) = 0
2. Momentum Conservation Eguation
(P ,,
-
T ,, . J|
In the case of laminar flows, the stress tensor TM is given as:
2 diiv _
T = 2M Sa-f
II 5
ID
Where \i is the fluid viscosity, Su is the Kronecker delta whose value is unity when i = j and zero
otherwise, and Su is the rate of strain tensor,




The STAR-CD CFD solver employs implicit solution methods for solving the algebraic
finite-volume equations which result from the flow field discretization process. There are two
advantages to using implicit solution methods. Firstly, the size of each computational time step
is not limited by the severe stability constraints which are characteristic of explicit solution
methods, instead they are governed by temporal accuracy considerations. Secondly, in steady
state problems the implicit method can be accelerated at the expense of temporal accuracy,
which typically in these problems is of no consequence to the user. There are three implicit
solution algorithms offered by the STAR-CD solver. Namely SIMPLE, PISO and SIMPISO, the
first two of which are well known methods which have been adapted to the requirements of
STAR-CD. SIMPISO, as the name implies, is a hybrid of the two former methods. The default
solution algorithm in STAR-CD is SIMPLE, an iterative approach which is well suited to steady
state calculations, and was considered adequate for this study.
8.3 CONFIRMATION OF THE ANALYSIS CODE
To confirm the validity of the results of the code, the predictions of STAR-CD for
hydrodynamically developing flow in a flat duct will be compared with the numerical solution
obtained by Bodoia and Osterle (1961). Of the existing boundary-layer type solutions, this is
regarded as the most accurate. The flat duct is simply a parallel plate channel.
The CFD model of the flat duct shown in figures 8.1a & b is 3 millimeters high (Y-direction)
by 300 millimeters long (Z-direction), and consists of an 18 by 1800 array of 8-noded hex fluid
elements in the Y- and Z-directions respectively. The array is one element deep in the X-direction
with symmetric boundary conditions employed on both the
positive- and negative-X faces of each
fluid element. Thus the channel is of infinite width. An inlet velocity of 1 meter per second is
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the negative-Z end are designated outlet boundaries. The remaining two boundaries, i.e. the top
and bottom faces, are no-slip walls by default.
The dimensionless axial velocities computed by the numerical method for
hydrodyna-












X is the distance from the entrance to the duct along its length;
Dh is the hydraulic diameter;
Re is the Reynolds number based on the height of the flat duct (3.0 mm);
b is half the height of the duct measured from its centerline, i.e. 1.5 millimeters (see
figure 8.2)
The other variables are described as follows:
y is the distance from the centerline of the duct toward the top or bottom wall (see figure
8.2);
Um is the fluid velocity before it enters the duct.
The dimensioned velocities computed by the numerical method are given in Table 8.2. The
velocities are computed for the length of the duct, at the two dimensionless stations:
Z = 0.0 4: = 0.8889
b b
and , (see figure 8.2 for y and b).
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8.1 Nondimensional axial velocity in the entrance region of a flat duct, (^5)
Axial Velocity u/uK
V












































































































































































































































8.2 Graphical definition of variables pertaining to the flat duct
X iL
The CFD results presented in Table 8.3 are the velocities along the length of the duct, computed
at:
= o.O = 0.8889
and
The results by both methods are clearly consistent as is shown by the graph of figure 8.3. For
comparison, at a distance of 150 mm and 300 mm from the duct entrance, the velocity predictions
are:
X-DISTANCE NUMERICAL SOLUTION CFD SOLUTION
y/b = 0.0 y/b = 0.8889 y/b = 0.0 y/b = 0.8889
150 mm 1 .3855 m/s 0.3533 m/s 1 .3809 m/s 0.3538 m/s
300 mm 1 .4645 m/s 0.3253 m/s 1 .4578 m/s 0.3250 m/s
The following matrix gives the percentages by which the CFD predictions differ from the numerical
solution at these locations.
X-DISTANCE y/b = 0.0 y/b = 0.8889
150 mm -0.332% +0.141%
300 mm -0.457% -0.092%
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8.2 Dimensionalized velocity along a flat duct computed by numerical methods






























































































































































































































































































































































































































































































9. RESULTS AND POST-PROCESSING
As was stated in the objectives, the goals of the CFD study are to:
Predict the flow field, i.e. the velocity vectors, in the liquid near the liquid-vapor interface,
around the bubble;
Predict the location of the stagnation point on the bubble.
The results obtained are presented in this chapter.
9.1 FLOW CHARACTERISTICS NEAR THE BUBBLE
Qualitatively speaking, for each sphere size, the flow field patterns near the surface of the
sphere are similar for the five inlet velocities for which analyses were done. That is, although the
magnitudes differ with the inlet velocity, the orientations of the velocity vectors near the sphere
remain largely the same. Therefore in this section one figure will be presented for each sphere
size, which typifies the flow field in the vicinity of the sphere for the various inlet velocities. Details
of the stagnation point location for each analysis case are presented in tabular form in section
9.2.
The velocity vectors for the fluid regions near the bubble are shown in figures 9.1 , 9.2 and
9.3, a & b, for bubbles of 0.3 mm, 0.15 mm and 0.075 mm diameter respectively, and a channel
inlet velocity of 1 .0 m/s. The close-up views of the fluid on the upstream side of the sphere shows
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9.2 STAGNATION POINT RESULTS
The stagnation points have been obtained for truncated spheres of 0.075 mm, 0.15 mm,
and 0.30 mm diameter, and five inlet velocities of 0.2, 0.4, 0.6, 0.8, 1 .0 m/s. The stagnation point
in each case is given, in spherical co-ordinates, by the angular elevation from the horizontal axis
which passes through the center of the sphere (0), followed by the horizontal angle from the
plane of symmetry (O) (figure 9.4). The stagnation point is defined as the point on the leading
surface of the sphere at which the velocity is observed to be zero. Because a CFD mesh is
composed of discrete nodes at which the fluid velocities are computed, it is unlikely that one of
these nodes would be placed precisely at the true stagnation point. It is therefore necessary to
accept a close approximation, for which the stagnation point is defined as the node on the leading
surface of the sphere at which the velocity comes closest to zero. Fifteen CFD runs were
conducted, for which the stagnation point results are given in Tables 9.1 , 9.2 and 9.3. The typical
stagnation results for each sphere size are also presented graphically in figures 9.5, 9.6 and 9.7
The stagnation points shown in the figures lie on the symmetry plane. These results also show
that for very small sphere sizes (i.e. 0.075 mm diameter or less), although there must exist a
stagnation point, the proximity to the channel wall makes it difficult to positively determine the
stagnation point, as seen in figure 9.7. This is because when located next to the wall, these very
small spheres are completely enveloped by the region of high velocity gradients that is close to
the wall. Similarly, for the larger sized spheres the stagnation point becomes indiscernible when
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LOCATION OF STAGNATION POINT IN SPHERICAL CO-ORDS
TABLE 9.1: SPHERE OF 0.30 mm DIAMETER, WITH SLIP ON SURFACE
INLET VEL.
(m/s)




0.4 0.15 8.371 0.0
0.6 0.15 8.371 0.0
0.8 0.15 8.371 0.0
1.0 0.15 8.371 0.0
TABLE 9.2: SPHERE OF 0.15 mm DIAMETER, WITH SLIP ON SURFACE
INLET VEL.
(m/s)




0.4 0.075 8.1105 0.0
0.6 0.075 8.1105 0.0
0.8 0.075 8.1105 0.0
1.0 0.075 8.1105 0.0
Although they exist, the stagnation points were not clearly discernible for these runs.
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TABLE 9.3: SPHERE OF 0.075 mm DIAMETER, WITH SLIP ON SURFACE
INLET VEL.
(m/s)











Although they exist, the stagnation points were not clearly discernible for these runs.
9-14
10. CONCLUSIONS
The stated objectives of this CFD study have been realized. The flow field in the vicinity
of the spheres, as seen in figures 9.1, 9.2, and 9.3, has been shown for spheres of 0.3mm,
0.15mm and 0.075mm diameters. The flow patterns are consistent with patterns seen in the
laboratory for flow around a bubble located next to a wall (6). Of particular interest is the evidence
of the recirculation zone immediately upstream of the sphere and below the stagnation point. This
phenomenon is induced by the lower branch of the flow split that occurs at the stagnation point.
The fluid in the plane of symmetry, upon encountering the wall, swirls back upstream creating the
recirculation seen in the figures.
It has been shown that the stagnation point is located on the surface of the sphere, at an
angular elevation of approximately
8
from the centerline of the sphere. In the case of spheres
of relatively large diameters, the angular elevation of the stagnation point does not seem to be
affected by the diameter of the sphere. However it has been shown that in cases where the
diameter is so small that the sphere resides entirely within the area of large velocity gradients at
the channel wall, the location of the stagnation point, as one must exist, is not so clearly
determined. The implication of this observation is, if a model is developed to describe the
mechanisms which drive bubble growth and departure that is based on stagnation point data, it
may be necessary to establish a lower limit on the bubble diameters for which it is valid.
According to the results of tables 9. 1 and 9.2, it has been shown that for a bubble of any size
there will be an inlet velocity below which the stagnation point is no longer clearly discernable by
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